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Abstract
An experimental analysis has been carried out of the kinematics of 
flow of a Newtonian Fluid (glycerin solution) and a non-Newtonian fluid 
(polyacrylamide solution) undergoing flow past a radially oriented 
cyclinder. Two types of flow are studied in this discussion! 1) extensional 
flow in a two dimensional converging flow channel; and 2) uniform flow in a 
large square duct. The macroscopic flow fields are found to follow 
Newtonian and power-law behavior for the glycerin and polyacrylamide 
solutions, respectively. The lubrication approximation holds true for both 
fluids. The local flow kinematics near the cylinder surface are, however, 
found to be the same for both fluids and are well described by the solution 
to the stokes equation for constant free stream flow past a prolate ellip-
soid. This discussion will show that extensional flow in a two dimensional 
converging extrusion geometry stabilizes the velocity gradients near the 
cylinder more readily than did the uniform flow in a square duct. This 
stabilization may lead to better fiber growth and hence, a seLf reinforced 
composite film in extrusion of polymeric films.
1
Introduction
This is an experimental analysis of the kinematics of a Newtonian 
(glycerin solution) and a non-Newtonian fluid (polyacrylamide solution) 
under going extensional flow past a centered, radially oriented slender 
cylinder. Extensional flows have received wide spread attention 
recently in conjunction with the manufacture of polymeric films and 
filaments.*’ Extensional flow occurs in converging flow systems such as 
tapered tubes and channels and in sudden contractions during steady state 
operation. Extensional flow can be characterized as being steady In the 
Eulerian sense, but accelerational in the Lagrangian Sense (ie., constant
acceleration). These flow fields were studied in conjunction with melt
2 3 4
fracture problems, * precipitation oi polymeric molecules, and
5 6
crystallization of highly oriented polymer chains. * This study is
concerned with the local extensional gradients resulting from polymeric
solutions undergoing extensional flow past a slender, radially oriented
cylinder (a needle in this case). Such slender bodies have been used to
7 6
nucleate the growth of fibers ’ during melt extrusion of pure poly-
ethylene and blends of high density and linear low density polyethylene 
resulting in a self-reinforced composite film. Analysis of the kinematics 
of Newtonian and non-Newtonian fluids is one step toward understanding 
these observations.
Theoretical equations are first developed to describe converging 
flow and the approximations which lead to an obtainable analytic solution. 
The theoretical solutions for flow around a slender body will then be 
presented. The most Important analysis in this discussion is the 
comparison of experimental data obtained in uniform flow to the theoretical
2
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predictions of Chwang and Chwang and Wu. These authors used the 
singularity method to obtain exact, closed-form solutions to the Stokes 
flow equations for various unbounded flows past prolate ellipsoids. The 
ensuing analysis of extensions! flow utilizes the solution for a Newtonian 
fluid undergoing uniform flow past a prolate ellipsoid . ^  It is therefore 
important to make a direct comparison between their solution and experi-
mentally determined velocity profiles.
Theoretical Development
The converging flow problem is best described in cylindrical polar 
coordinates, but the solution will be developed in cartesian coordinates 
as shown in Figure 1. The continuity equation in cartesian coordinates 
Is
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since vx * vy * 0 and the inertial terras were neglected since this study 
deals with low Reynolds number flows.
The four boundary conditions necessary to solve equations 1 and 3 
are the no slip conditions at all four walls, stated as
vz(x * .1 a) * 0 (Aa)
vz(y * A b) ■ 0 (Ab)
This problem was solved by Timoshenko (193A) for the torsion of 















Integrating equation 5 over the total area will yield the flow rate in 












The terra in braces is often referred to as the shape factor, 
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(7)
where ][ refers to the summation term in equation 5* By substituting 
for the following terms, the solution can be expressed in terras of 
cylindrical coordinates.
6
v * - v cosO (8a)
z r
x ■ z (8b)
b * rsinu (8c)
y - rslnO (8d)
In review, the solution was obtained for flow in a duct where the
velocity is influenced by all four walls. It was then assumed that the
g j>
pressure gradient (j~) was the same at all points in the fluid. This is
12
equivalent to the lubrication approximation.
The lubrication approximation says, that for small converging angles,
flow in a converging channel is treated as though the flow were between
parallel plates, but using the plate spacing which is valid at that
particular position. This allows for the transformant ion of the solution
to cylindrical coordinates used to describe converging flow. This
13
solution is similar to the classic Hammel flow problem.
The problem of Poiseuille flow past a centered prolate ellipsoid is
9
shown schematically in Figure 2. Chwang and Wu (1975) and Chwang 
(1975)^ employed the singularity method to solve Stoke*s equations 




yFigure 2. Poiseuille Flow Past a Prolate Ellipsoid
8v * 0 (9b)
Tlie singularity method assumes the solution to be the sum of an 
undisturbed velocity and a disturbance velocity. Although the solution 
for the undistrubed velocity is presumed in the boundry conditions, the 
disturbance velocity’s solution is not. The disturbance velocity 
solution is infinite at the singularity location and tends to zero far 
from the ellipsoid (l.e., 1/r).
Assuming the pressure to be of the form
A • x
P « I (l0)
R
with A being a constant vector, x the position vector and R its magnitude, 
the resulting solution ior the disturbance velocity Is
(u • x)x
vs(x • u) * - 4- ---R*---- (11)
This solution is the Stokeslet of strength a; where x equals A/2g. The 
other solutions are found by expanding the Stokeslet at x * £ in a Taylor 
series about x.
v^Cx - O  * vs(x) - (£ • 7)vv(x) +
1
2 (f, • V)2 v (x) + ... - -s - ( 1 2 )
These other solutions are the Stokes doublet, the Stokes quadrupole, etc. 
Other solutions are the rotlet v^(x;y) (the antisymmetric component of
the Stokes doublet), the stresslet v % (x;a,3) (the symmetric component
1 2
of the Stokes doublet) and the potential doublet v (x;6) * ( - V v (x;6))
‘"U ** “ im "H *"*
9Although other solutions exist, they are not relevant to this discuss1on.
The use of a Stokesiet or one or more of its derivatives is dictated by
14
the shape of the body as well as the free stream conditions.
Chwang and Wu constructed their solutions by assuming certain
densities for the disturbance velocities. The selection of which
disturbance velocity as well as its density was derived from experience,
however, some guidelines have been suggested for choosing the singularities
15
needed for a given class of flows.




UjV (x - ex) dr,
(13)
where u. and fL are constants, r, equals fe , c is one-helf the focal 
i I x
length, and e is a base vector, 
x
Longitudinal paraboidal flow past a prolate spheroid requires
singularities in addition to those given above. The line integral
2
solution for a free stream velocity of v s z is, 2
2
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vD (x - t; ex) dr. (14)
where through are constants. The numerical solutions and definitions
of the constants for both the uniform and the longitudinal paraboloidal
1 ft
flow are provided by Mackay (1981).
2
Multiplying equation 14 by V/B (B being one-half the plate spacing) 
and subtracting this result from equation 13 yields a free stream 
velocity of
v - V [1 - ( | ) 2] ex (15)
which is the well known solution to Poiseuille flow between parallel 
plates. This is more commonly seen as
Vz - I i w  [1 - (^ )2] (16)
where v^ is the velocity parallel to the plate walls, Q the volumentric 
flow rate, B the plate separation, W the plate width and y the measurement 
of distance between the plate wall and the centerline.^
The above solution is for Poiseuille flow between parallel plates, 
however, this solution can be used for converging flow by applying the 
lubrication approximation. Thus, the solution is determined on a point- 
by-point basis. The corresponding disturbance velocities may be 
calculated on a digital computer.
11
Since the analytic solution to Poiscullle flow between parallel
plates with a centered, prolate ellipsoid has not been solved, the
18
solution to longitudinal paraboloidal flow (Chwang (1975)) will be
19
subtracted from the solution for uniform flow (Chwang and Wu (1975)) .
This situation is shown schematically in Figure 3. Although this 
solution Is not expected to be exact near the walls, it is expected to 
be accurate near the ellipsoidal surface.
Experimental Apparatus
Analysis of the velocity field was carried out with the following 
experimental arrangement. A plane of laser light illuminated disk-shaped 
mica particles suspended in a glycerin solution. The streaks were 
recorded with a camera with an external exposure control. The negatives 
were enlarged and analyzed by a digitization program on the computer.
Two fluids were used: a Newtonian 961 glycerin solution (Colgate-
Palmolive, viscosity ~ 10 poise) and a non-Newtonian 1 wt% solution of 
polyacrylamide (Separan AP-30, Dow) dissolved in a 1:1 by weight mixture 
of glycerin and water. As seen in Figure A, the fluid was continuously 
circulated from a 2-liter glass reservoir by a model 590332291-0616743 
Cole-Parmer peristaltic pump. The Foxboro pressure gauge (0-30 psig) 
at the exit of the pump was used only for qualitative purposes. The 
85 cm plexiglass calming section following the pressure gauge was 
included to dampen any disturbances in the flow resulting from the 
pump action. One-fourth inch copper tubing and Swaglock fittings were 
used in addition to polyethylene tubing to transport the fluid. To 
prohibit any unwanted flow variations, a five centimeter long calming
Figure 3. Approximation to Poiseuille Flow 
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Figure 4. Schematic of the Experimental Flow Loop
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bundle was installed Just prior to the test section entrance. This
consisted of seven pieces of 16 gauge stainless steel hypodermic
needle fit into the copper tubing. The fluid then entered the test
3 3
section smoothly. Flow rates ranged from 2.21 cm/sec to 1,46 cm /sec 
delivering Reynolds numbers in the range of one to five.
Timica Extra Large Sparkle (TELS) (Mearle Corp., N.Y.) was used 
as a tracer particle. The optimum diameter for tracer particles is 
30-45 um. Particles larger than this were removed by settling in 
water and subsequent filtering through a //325 mesh screen. The 
suspension was further separated by filtering through Whatman qualitative 
paper. TELS was added to the test fluids to a density of 0.0130 gm/fc.
No settling tendency was observed since the fluid viscosities were quite 
high.
The material flowed through three different test sections: (1) a
plexiglass test section with a flow aspect ratio of 18,8 to 1.0 was used 
to simulate flow between parallel plates. (The channel is shown in 
Figure 5); (2) The converging test section was machined from one-inch 
plexiglass and was polished to the dimensions shown in Figure 6.
Aluminum side window inserts were inserted to aid viewing. The removable 
prolate ellipsoid was made of a 20-gauge stainless steel hypodermic 
needle mounted on a 3/16-inch stainless steel cylinder, fitted with 
square end tabs. To minimize glare from the reflective needle, the tip 
was painted with a fine coat of ultra-flat black paint (making the final 
needle diameter 0.099 cm). (3) The uniform flow test section is a 28 cm 
long square duct measuring 11.5 cm on each side as shown in Figure 7.
The duct is made of a one-half inch plexiglass sheet reinforced with 
screws and welded triangular plexiglass corner pieces (1/2" by 1/2").




























Figure 7, Uniterm Flow Test Section
tlit* 3/16 iiu h stainless s t e e l  holder Is placed in the f itted slots on 
the test sect Ion wa11s .
A 2.0 mW helium-neon laser (Meterologic Instruments, Bellmawr, N.J., 
model: ML-820) was used to illuminate the tracer particles in the Lest 
section. A glass cylindrical lens (supplied by Karl hambrecht Corporation) 
was attached to the laser to produce a !.0 mm thick pl ane of light. A 
Minolta XG-M camera with auto-wind was employed In conjunction with an 
electronic cable release which ran off a digital exposure control unit 
for accurate control (< 17) of the exposure time. An Accwa (Japan) 
bel lows war attached to the camera and a Hanza (model No. 402138, 1:1. *3, 
f * 75 mm) enlarger lense to the bellows. The aneture on the camera was 
set wide open (f-slop = 4.5). Kodak Recording Film 2475 with an extended 
red range gave the best result.
18
Procedure
The test section was put in place and the pump was started. The 
system was then allowed to equilibrate. Following equilibration, the 
test section, camera and laser were aligned as seen in Figure 8.
Pictures were taken with bracketed exp< sure times and recorded. When 
all the exposures were taken the ilow rate was determined by timing the 
fill rate of five fluid samples with a Cole-Parmcr (model: 8T68) digital 
stop watch. The sample weight was determined and the density was measured 
with a Genco (model: 16752) densitometer. This provided the volumetric 
flow rate. In order to determine the overall magnification, exposures 
were made of a set of Mitutoyo (model: 307909, Japan) digital calipers 
set at l mm, 2mm and 3 mm gaps.
vD
Figure 8 Laser Camera Set-up
20
The film was developed for ten mintues with fresh Dektol developer 
at 20°C In a stainless steel tank. The tank was agitated every 30 
seconds, This was followed by 45 seconds of continuous agitation in 
Kodak indi* a tor stop bath. This was followed by ten minutes in Kodak 
Rapid Fixer with agitation once every minute. The film was rinsed for 
twenty minutes in 20°C tap water and a 1 lowed to dry. The negat ives were 
exposed for two minutes at f = 8.0 on a high contrast Agf a-Oavaer t: 
Radioprint TP-6WP 8-1/2 by 1.1 inch paper. The overall magnification 
was between 15 and 20. The paper was developed in an Agfa-Oavaert 
Rapldoprint 1)1)37K automatic print developer. An example photo is shown 
in Figure 9.
The coordinates and velocity of each streakline were analyzed by 
digitizing each enlargment with a Houston Instruments illpad digitizer 
(model: DT11, Austin, TX). The signal was received by a hear-Siegler, 
Inc. ADMS terminal and was analyzed by software on a CYBFR 175.
Results
20
To check the accuracy of the streak photography method, the 
flow field for the glycerin (Newtonian) was determined in the parallel 
plate geometry. As shown in Figure 10, the agreement between the 
experimentally determined velocity profile and the analytic solution 
for laminar flow between infinitely wide parallel plates is excellent. 
The solid line is the analytic solution for parallel plates. The 
velocity was made dimensionless by dividing by the average velocity 
determined by dividing the volumetric flow rate by the cross-sectional 
area of the test section. The distance has been made dimensionless by 




























































a schematic representation of the coordinates used in the analysis of 
the converging flow test section* Figure 12 shows the experimentally 
determined velocity profile data for the same fluid at a radial 
postion (P) of 6.35 cm in the center (c equal to zero) of the converging 
flow test section without the needle. Although the needle is not present 
in this case, the data was taken at the proposed location of the needle 
tip. The solid line is the calculation for parallel plates using the 
lubrication approximation. The good agreement indicates that the 
lubrication approximation is valid for this case.
A similar comparison can be made for the Separan solution. Flow 
data for the Separan solution were found to follow power-law behavior 
quite well as seen in Figure 13. The best fit to the data corresponded 
to a power-law parameter n equal to .27 where n Is given in the expression 
below,
v
1 +  2n  1 -2 -  r  i  _ [ 2z l
1 1 +  n  j WB [ B J
1+1/n
07)
where each variable is analogous to those given for Poiseuille flow 
(equation 16). Figure 14 shows the velocity profile for Separan in 
the converging flow test section without the needle insert. These 
data points were analyzed on a point-by-point basis (i.e., using the 
local value of B). The plot of n versus ^ for Separan shown in Figure 15 
was obtained on a Rheometrics System IV Instrument. This yields a power- 
law coefficient of .38 in excellent agreement with the experimental 
results as seen in Figure 14. The good fit is in line with the findings 
of Black and Denn who found that for small convergence half-angles 















































Dimens ionless Distance From Centerline
Figure 13. Separan Solution Between Parallel Plates
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Figure 14. Senaran Solution in the Converging Flow Test Section
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From the above analysis it can be seen that the lubrication 
approximation is valid for both fluids, glycerin and Separan, and that 
each fluid is well behaved according to Newtonian and power-law models, 
respectively. The above analysis has also confirmed the accuracy of 
the streak photography method. This provides for confident analysis of 
more complex flow patterns. The analysis of the kinematics near the 
surface of the slender body is a case providing such complexity.
Since the flow patterns far from the needle is very complex, it 
is v/ise to limit the discussion to the region where the velocity 
components are linear with respect to distance from the centerlire. 
Figure 16 shows the coordinates used in the region of the needle tip.
To within the accuracy of the experimental measurements, v^ was found 
to be zero. The component v^ was found to be linear with r, to decrease 
inversely with respect to z, and to tend to zero as r went to zero, thus
where vf is nondimensionalized by the average velocity at the needle tip, 
and the distances r and z are nondimensionalized by the needle diameter. 
The data in Figure 17 show no distinguishable diff ^nce between the two 
fluids due to the scatter. Since the magnitude in v^ is small, errors 
in measurement can contribute significantly to the observed scatter.
Also, since the data for r/z is greater than 1.0 were taken close to 
the needle tip, small variations in the distance measurement can greatly 
influence the value of z.
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Local Coordinates Around the Needle Tip 
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Figure 17. Dimensionless Radial Velocity versus Dimensionless Radial 
Distance from the Needle Tip
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due to continuity. Similarly to equation 18, all quantities are 
dimensionless. As seen in Figure 17, the v component of the local 
profiles are indistinguishable for the two fluids. The values of 
a and c are derived from a least squares analysis of the data in 
Figure 18 yield a * 0.23 and c ■ 0.31. The line in Figure 16 has a 
slope of .23. This line represents the data reasonably well.
The solution for the velocity field for uniform flow given by
9
Chwang and Wu can be greatly simplified for this case. It can be
readily shown that the potential doublet term can be neglected
relative to the Stokeslet by employing the cylindrical dimensions of
the needle. Also, the eccentricity, e, will be .9998 and can safely
22
be approximated as 1.0. Thus, equation (22) of Chuang and Wu [also 
seen as equation 13 in this discussion] becomes
after integration, where z is the distance from the needle tip, V the 
uniform flow magnitude, a the semimajor axis length of the needle 
(2.54 cm, the minor length b being 0.0455 cm) as shown in Figure 19. 





A - e2 { U  + e]2 in I 2 * ^ ] - 2e } (21b)
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Figure 18. Dimensionless Axial Velocity versus
Logarythmic Dimensionless Axial Distance 
from the Needle Tip
yv
Figure 19. Schematic of a Prolate Ellipsoid
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Along the cylinder axis and within three needle diameters of the 
needle tip, the z term in the denominator can be safely ignored.
Taking the uniform flow strength, V, as the maximum velocity in Poiseuille 
flow, i.e., < v >q * V/2 and employing the above approximations, the 
expression for the local kinematics becomes
v
~  • 1 + 2A fl.n + 2A in (z) (22)
where V£ and z are dimensionless. Carrying four significant digits of 
e in A yields
v
~  - 0.24 In
This result compares favorably with the experimentally derived result




0.46 in + 0.81 (24)
23
The above analysis utilizes Chwang and Wu's solution for uniform
flow of a Newtonian fluid. The indistinguishability of the velocity
profiles of the Separan and glycerin solutions provides justification
for treating both solutions in a similar manner. The substitution of
the maximum velocity in Poiseuille flow for the uniform flow strength
delivered reasonable results, thus justifying the propsed v and v
r z
functionality.
At this point, it would be useful to confirm the validity of the 
Chwang and Wu solution for uniform flow. This will be done by studying 
the velocity field of the Separan solution in a square duct. Although 
several authors have analyzed the velocity profiles of power-law fluids
36
24-27
in square ducts, none of these analyses provide satisfactory
analytical solutions from which a uniform velocity in the center can
be determined. Thus, It was necessary to determine the velocity
profile experimentally. Figure 20 shows a plug flow region extending
ten needle diameters from the center. This jetting effect delivered a
fluid particle velocity in the center which is twice that of the
average velocity determined by the volumetric flow rate. This value
28
is commonly encountered in high viscosity flow fields. The plug flow 
velocity was used to non-dimensionalize the velocity and the needle 
diameter was used to non-dimensionalize the distance in this analysis.
In this case, the semlmajor axis length is 2.555 cm and the minor length 
is 0.0495 cm. This predicted
v
-  0.121 In + 0.523 (25)
By analyzing the data analogously to the previous treatment for 
converging flow, excepting the substitution of 2<v >q for V, the 




0.25 in + 0.62 (26)
The experimental results for both converging and uniform flow are given 
in Figure 21. For extenslonal flow the experimental slope was nearly 
twice the theoretical slope. For uniform flow a similar difference 
exist. This discrepancy can be expected due to the sensitivity of A to 
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Figure 20. Velocity Profile in the Uniform Flow Test Section
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converging flow is greater than that found for uniform flow. This 
indicates that an extensional flow field stabilizes the velocity 
gradients near the cylinder more effectively than a uniform flow field.
Conclusions
In summary, both the stream photography method and the lubrication 
approximations were h* ked for validity or both the Newtonian and 
non-Newtonian i luids. As rxp< « ted, 'lit ina* *uscopi flow fields for the 
g! ycer I n and Si pa ran solufb ns }, 1 ] ov. ! Newt uni. ? and power-1 aw 
behavior, respect ive J y . Next, it was f and th«»» t tie i ocal velocity 
profile# of tlwr two luids were essentially indistinguishable. This 
-justification ! or modi ling both i luids as Nevron 1 an in 
tb* near tb* meedie tip. This, *’lo*g with e.lie validity oi the
lubrication approx i m a t  ion allowed for tt i #  us# of Miwarig and Mt's solo* ion 
f</T ftHe / v l a c i t y  field for on Moris f ]<*# ar und a prolate spheroid.
Several #ii#pj i f loti# j m f #  employed, which gave consistently g#od 
a&r&MMr#1 w H h  ex per Cental 1 yd* fa-rained cU*f for onverging l€
was then sfw^m that fb/ wa* also jp*x* f o r  ttx case cwf m i f & m
f i t
? , { //»/. N.c /.elM/l t f o f  f t i f t flow .w|. Hi tliay t e x t i o n a  1
flow, 1# was rum laded that eyfpnsfohif # 1 an « M b  //J zom «non« j Mbfft 
uniform /|«y. fhi# cone derived I h m  Up fact fblf a fiighef
slope i n d i c e s  U mM  the velocity fapldlv #pruaches a constant value,
This can be observed in the uffj form flhW profiles provided in the 




Future work in these laboratories will include a study of extensional 
flow past an axially oriented wedge for Reynolds numbers between 0.1 and
0.01. Also, a study of flow around a slender body in a parallel plates 
geometry may be investigated. This will provide some insight into the 
wall effects in the absence of extensional flow.
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APPENDIX I
Nomenclature
Duct width or ellipsoid major axis 
Constant vector
Duct depth or ellipsoid minor axis
One-half of the plate spacing
One-half the focal length of the ellipsoid





Volumetric flow rate 
Cylindrical coordinate
Cylindrical coordinate evaluated at the needle tip
Magnitude of x
Time or exposure time
Velocity in the r-dlrection
Velocity in the x-dlrection
Velocity in the y-dlrectlon
Velocity in the s-dlrectlon









w Distance from the needle tip





z Cartesian or cylindrical coordinate
zq Specific point value
GREEK
a Half-angle of converging test section




Dimensionless amount of stretch or discrete derivative 




l Sum in Equation 11-4
$ Angle streak makes with the horizontal (z-axis)
48
APPENDIX II
Raw Data for Separan In Parallel Plates
3
(Run A-ll, Q ■ .490 cm /sec) [X and Y are in cm; 
V in in Cm/sec; Phi is dimensionless]
X< I ) Y ( I ) M ( I ) P H I ( I )
1 .07099E -01 3 .8 7 4 1 4 E -0 1 1 .98888S6E-01 8.8182808E +01
2 .9 8 8 3 2 8 -0 3 3 .9 9 3 4 7 8 -0 1 4 .1 7 8 8 3 12E-01 8 • 9969972E +01
7 .1 6 0 4 4 8 -0 3 1•788408-01 4 , 1993739E-01 8 . 8638092E+01
-3 .9 8 0 2 9 8 -0 2 3 .0 88 99 E -01 4 .1 8 8 1 6 4 7 8 -0 1 8 .86487848+01
2 .4 6 9 8 0 8 -0 4 4 .9 7 0 2 4 8 -0 1 4•49082 93 8 -0 1 8.87289166+01
8 .1 4 8 2 8 6 -0 3 7 .0 7 8 9 3 8 -0 1 4 .1 7 0 9 2 9 7 8 -0 1 8.93218486+01
-0 .1 3 4 8 4 8 -0 2 1 .1 4 9 8 1 E -0 2 ^ .3 1 8 9 0 0 9 8 -0 1 8.9109906E +01
-2 .8 2 4 2 1 8 -0 2 2 • 44480E-01 4 i889049E -01 8•80909966+01
- 3 . i 20388-02 4.0S 743E -01 2 .6897887E -01 9 .00000328+01
-1 .0 9 9 9 4 E -0 1 6 .6 91 90 E -01 2 • 3799068E-01 8 .84167948+01
- 4 .4 2 1 0 6 8 -0 2 3 .4 9 U 2 E -0 1 4 . 3712372E-01 8 .87926198+01
8 . 19130E-02 6 .6 0 6 2 1 E -0 3 3 .209 91 03E -0 1 8 • 698080284-01
- 1 . 19049E-01 2 .8 8 1 1 3 8 *0 1 2 .6836940E -01 8 . 9733691E+01
-1 .2 8 8 4 2 E -0 1 6 .6 7 0 7 2 E -0 1 1.2296241E -01 8 .93401998+ 01
8 .9 4 2 0 9 8 -0 2 2 .7 9 6 9 4 8 -0 1 3 .8 9 4 9 8 1 7 8 -0 1 8 .89989486+01
1 .1 81 17 8 -01 3 .8 9 1 10E-01 2 . 1980836E-01 8.913948884-01



























Raw Data for Separan in Converging 
Flow Test Section
(Run A-27, Q » ,6045 cm^ /sec) [X and Y 
are in cm; V is in cm/sec; Phi is 
dimensionless]
X< I)
2 .8 4 4 6 7 6 -0 1  
1 .8 4 8 8 2 6 -0 1  
1 .6 5 3 1 8 6 -0 1  
1.1  "’8586-01  
3.*>8w686-02  
-2 .4 0 4 2 3 6 -0 2  
- C .787186 -02  
-0 .2 5 5 2 9 6 -0 2  
.1 0 4 2 5 6 -0 1  
.0 7 8 7 1 6 -0 1  
.7 1 2 7 5 6 -0 1  
.*5 5 3 8 6 -0 1  
.4 8 9 8 3 6 -0 1  
.3 4 4 0 8 6 -0 1  
.4 ^ 8 22 6 -0 1  
.41 50 06 -0 1  
.<'>38246-01 
.1 1 9 2 7 6 -0 2  
• 81354E-02  
.7 8 8 0 0 6 -0 2  
.7 9 8 2 5 6 -0 2  
.48 83 76 -0 1  
.12 89 96 -0 1  
.38 11 86 -0 1  
.82 78 86 -0 1  
• 93489E-01  
.12 45 06 -0 1  
1. *^35786-01 
1 .8 1 4 8 8 6 -0 1  
6 . '6 6 8 9 6 -0 2  
3 .5 8 3 4 4 6 -0 2  
- 7 . 98994E -04  
-1 .4 8 8 3 1 6 -0 1  
-1 .3 5 1 1 2 6 -0 1  
-2 .8 3 7 5 8 6 -0 1  
-2 .9 7 3 3 7 6 -0 1  
-3 .2 8 9 9 1 6 -0 1  
-3 .1 3 4 7 2 6 -0 1  
2 .9 0 1 8 8 6 -0 1  
1 .1 7 2 7 8 6 -0 1  
1 .4 8 5 5 6 6 -0 1  
-4 .9 1 0 4 2 6 -0 2  
-4 .3 0 2 2 7 6 -0 2  
-1 .3 5 1 2 0 6 -0 1  
-1 .4 3 8 0 8 6 -0 1  
-2 .1 0 7 0 8 6 -0 1
Y(I)
3 .0 7 2 5 3 6 -0 1  
6 .3 4 7 9 5 E -0 1  
6 .3 8 3 5 0 6 -0 1  
2 .1 8 2 2 3 6 -0 1  
1 .0 0 2 0 9 6 -0 1  
9 .7 3 1 0 4 E -0 2  
2 .4 3 8 9 7 6 -0 1  
3 .1 8 8 4 7 6 -0 1  
8 .2 8 4 1 1 6 -0 1  
8 .7 4 5 4 7 6 -0 1  
8 .3 7 2 7 9 6 -0 1  
8 .5 7 0 7 5 6 -0 1  
3 .1 7 5 2 7 6 -0 1  
3 .9 1 1 2 0 6 -0 1  
7 .2 9 7 3 4 6 -0 1  
4 .0 9 3 1 2 6 -0 1  
2 .0 6 7 2 3 6 -0 2  
7 .7 8 0 3 9 6 -0 1  
9 .0 0 8 0 0 6 -0 1  
2 .9 8 0 9 8 6 -0 1  
4 .0 2 6 9 7 6 -0 1  
2 .8 7 7 5 9 6 -0 1  
9 .6 8 6 3 8 E -0 1  
4 .8 7 4 5 3 6 -0 1  
2 • 24502E-01  
9 .8 3 3 3 1 6 -0 2  
4 .4 4 5 9 5 6 -0 1  
5 .7 5 8 8 8 6 -0 1  
8 .7 8 8 8 8 6 -0 1  
7 .4 5 5 3 2 6 -0 1  
9 .1 6 0 2 3 6 -0 1  
8 .0 5 3 9 0 6 -0 1  
1 .1 9 3 0 2 6 -0 1  
2 .9 3 5 0 7 6 -0 1  
4 .7 5 5 5 5 6 -0 1  
8 .1 2 6 0 8 6 -0 1  
5 .9 8 5 7 3 E -0 1  
7 .9 5 0 7 0 6 -0 1  
6 .0 1 8 4 8 6 -0 1  
8 .2 7 8 5 3 6 -0 2  
5 .3 5 6 2 1 6 -0 1  
2 .9 5 9 5 8 6 -0 1  
1 .0 3 8 9 6 6 -0 1  
7 .1 8 8 8 1 6 -0 1  
5 .8 6 8 6 6 6 -0 1  
4 .0 2 7 5 0 6 -0 1
M(I)
8 .6 9 5 6 8 8 7 6 -0 2
1 .7 8 0 7 9 2 6 6 -0 1
1 .7 8 8 8 1 5 0 6 -0 1
2 .1 1 5 7 2 0 0 6 -0 1
2 .0 7 0 4 8 2 0 6 -0 1
2 .0 8 6 6 1 7 0 6 -0 1
2 .3 0 7 8 9 0 8 6 -0 1
2 .1 8 3 7 8 4 0 6 -0 1
2 .2 5 4 3 6 9 2 6 -0 1
1 .7 2 8 2 5 5 1 6 -0 1
8 .0 3 7 0 3 0 1 6 -0 2
8 .6 8 2 9 0 9 3 6 -0 2
1 .2 3 0 0 7 15E-01
1 .4 39 29 926 -01
1 .6 3 8 1 4 3 8 6 -0 1
2 .0 3 6 4 7 8 0 6 -0 1
1 .8 92 61 006 -01
2 .2 9 4 6 5 0 0 6 -0 1
2 •335 99 95 6 -0 1
2 .0 2 8 5 8 2 0 6 -0 1
1 .9 74 85 046 -01
1 .5 09 68 186 -01
1 .6 35 88 846 -01
1 .2948592E -01
8 .1 3 3 0 0 9 6 6 -0 2
1 .0 31 10 466 -01
1 .533 96 116 -01
2 .0 6 5 0 8 5 8 6 -0 1
1 .6 02 65 676 -01
1 .9 93 43 576 -01
2 .6 2 1 9 9 1 7 6 -0 1
2 .4 3 6 1 8 4 9 6 -0 1
2 .1 4 6 8 4 9 1 6 -0 1
2 .1 7 7 8 2 0 5 6 -0 1
1 .3 62 31 846 -01
8 .7 8 3 0 7 8 4 6 -0 2
3 . 7185887E-02
5 .0 8 7 3 2 8 0 6 -0 2
6 .0 1 0 8 3 3 3 6 -0 2
1 .9 87 91 046 -01
1 .8 25 55 726 -01
2 .2 7 8 8 0 9 1 6 -0 1
1 .8 9382476 -01
2 .0 4 9 1 5 8 9 6 -0 1
2 .0 8 8 8 5 6 3 6 -0 1































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Raw Data for Uniform Flow Separan 
Velocity Profile
3 ,
(Run A-42, Q - 1.825 cm /sec)
R, D VR( MM/SEC >
x ~ a aaaacaaaaa
.<•>009 .0309
.0043 .0303  
.OOSS .0309  
.0329 .0303  
.0510 .0303  
.0*571 .0 3  03 
.0974 .0299  
.1133 .0299  
.1721 .0239  
. 23 '.C .0294  
.3029 .0249  
.3417 .0243  
.3930  .0237  
.4199 .0232  
.4 3 2 9  .0221  
.9029 .0204  
.3299 .0193  
.3419 .0198  
.3 4 3 6  .0182  
.9969 .0177  
.6012 .0171  
.6133 .0160  
.8332 .0149  
.6436 .0146  
.6314 .0143  
.6773 .0138  
.6520 .0116  
. 7344 .0110
(Q ■ 2.2134 cc/sec, VQ - 0.338 mm/sec)
Raw Data for Separan in Uniform Flow
(Run A-36)
6.93 < 2(MM) <7.92
Z(MM) R(MM) VR(MM/9> M2(MM/S)
7.7878 1.0087 .0154 .3187
7.5588 5.1124 0.0000 .4585
7.4117 6.9688 .0462 .6012
7.3026 1.7983 .0051 .6525
5.94 < 2(MM) <6.93
2 (MM) R(MM) O R (MM/S) 02(MM/8)
6.8658 1.0212 .0103 .6288
6.8583 1.4681 .0078 .3436
6.3905 .5523 0.0000 .5988
6.1843 1.4382 .0051 .3017
6.2121 4.0842 .0220 .4814
6.1632 4.5089 .0140 .4438
6.1463 1.0403 .0237 .4705
6.0159 4.8833 .0238 .4219
5,9538 1.7598 .0283 .6037
4.85 < 2(MM) < 5.94
2(MM> R(MM> OR(MM/S) V2(MH/8> 
5.8882 4.9373 .0183 .4237
5.7975 3.3165 .0206 .5373
5.7841 5.4211 .0238 .4830
5.8282 5.8253 .0514 .5988
5.2711 2.3489 .0110 .4148
5.2668 8.3857 .0386 .4861
5.2512 3.0852 .0309 .5502
5.2181 4.3888 .0388 .5188
5.1170 7.8531 .0330 .4237
S3
3.96 < Z(MM> < 4.99
Z<MM> R(MM) OR(MM/8) OZ(MM/S
4.9414 3.6046 .0250 .3467
4.9117 1.6108 .0022 .3565
4.7005 .7659 .0091 .4632
4.7318 1.2456 .0073 .4274
4.5711 4.7572 .0093 .4366
4.5354 3.4527 .0308 .3741
4.5090 .3301 .0110 .3367
4.4731 4.4272 .0192 .3186
4.4486 5.0932 .0091 .4541
4.2700 3.7723 .0245 .3091
4.1538 2.0737 .0117 .4226
4.0898 1.9454 .0147 .4072
4.0606 2.3323 .0206 .2793
4.0606 1.3235 .0034 .2998
4.0284 3.8164 .0069 .2998
4.0139 1.4392 .0132 .3301
3.9819 3.3663 .0210 .2969
2.97 < Z(MM) < 3.96
Z(I1M) R(MM) OR(MM/8) OZUW/S
3.9549 3.2861 .0184 .4575
3.9098 4.5390 .0210 .4272
3.8134 8.1799 .0349 .4785
3.7298 3.9163 .0257 .4336
3.7074 3.0187 .0211 .3885
3.5781 4.6344 .0484 .3828
3.4049 4.5377 .0234 .3768
3.3422 5.0778 .0257 .5425
3»2073 8.0085 .0309 .4888
3.1657 .4858 .0146 .4267
3.1436 3.7985 .0157 .2829
3.1169 3.7105 .0294 .4171










CVi CSl CN» 
CM CM CM
 CM CM CM 
CM CM CM
 CM
1.98 < 2 < MM) 2.97
54
Z ( MM) RCMM) OR( MM/S
2 . 9 1 5 7 3 . 8 4 9 0 .0 2 6 1
2 . 9 0 S 5 5 . 4 1 4 3 . 0 5 1 4
2 . 8 6 1 2 1 . 1 5 5 7 . 0 1 8 7
2 - 8 3 5 8 4 . 2 3 0 8 . 0 2 7 9
2 . 8 3 4 5 2 . 4 7 4 5 . 0 1 8 0
2 . 9 0 5 7 2 . 0 6 6 3 . 0 2 4 2
2 . 7 7 0 0 4 . 3 5 9 2 . 0 4 1 9
2 . 7 5 2 9 .2 3 1 1 . 0 0 4 4
2 . 6 5 9 9 4 . 4 2 6 8 . 0 2 7 4
2 . 5 4 1 1 1 . 7 3 5 5 . 0 0 1 7
2 . 5 1 5 3 1 . 6 6 3 6 . 0 0 6 6
2 . 4 8 1 0 1 . 3 3 6 9 .0 2 3 1
2 . 4 3 7 2 5 . 5 3 6 9 .0 3 3 1
2 . 4 1 0 1 2 . 1 4 1 6 . 0 1 7 5
2 . 3 7 0 0 4 . 3 3 5 3 . 0 2 5 7
2 , 2 5 5 2 6 . 3 5 4 3 . 0 3 2 6
2 . 1 9 7 3 2 . 6 4 0 7 . 0 0 6 9
2 . 1 2 2 1 2 . ^ 3 8 5 . 0 3 4 9
2 . 1 1 5 4 2 .  i 14 . 0 1 9 2
2 . 1 0 6 6 3 . 6 7 3 8 .0 4 1 1
0.99 < Z<MM) < 1.




































































0.495 < Z<MM> < 0.99






















o•o < Z<MM) < 0.495
Z t MM) r < nn > v r <i w/9) 0Z < MM/8)
.4753 1.1421 .0374 .2421
.4694 1.3569 , 0386 .3767
.4302 6.7286 .0257 .3889
.3725 1.2717 .0565 .4008
.3537 .8824 .0541 .2201
• 3341 4.5232 .0171 .2844
.2954 1.6121 .0848 .4239
.2882 .6680 .0245 .1534
.2425 5.4698 .0274 .4304
.2253 .7595 .0492 .2328
.2245 1.0167 .0594 .3653
• 2030 3.6479 .0210 .2602
.1862 6.2342 .0349 .3907
.1637 1.2771 .0243 .2218
.1441 1.8993 .0314 .3406
.1349 3.0326 .0394 .2724
.0750 .4061 .0406 .1531
.0720 .8579 .0402 .1821
.0063 2.7310 .0332 »2777
(Q ■ 1.853 cc/sec, V„ ■ 0.283 mm/sec)
Raw Data for Separan in Uniform Flow
(Run A-40)
6.93 < Z<MM) < 7.92
2 (MM) R < MM) M R (MM/S) M Z (MM/S)
7.2714 3.9839 .0012 .2773
G.9986 6.3412 0.0000 .3172
9.94 < Z < MM) < 6.93
Z<MM) R (MM > M R (MM/S) M Z (MM/S
6.6296 1.1289 .0037 .2886
6.9739 6.1889 .0099 .2709
6.9312 3.2781 .0033 .2816
6.4979 1.1198 .0099 .2739
6.4072 .2179 .0099 .3021
6.3183 4.0946 .0122 .3000
6.2734 .0049 .0010 .3122
6.1296 2.9680 .0040 .2741
6.0677 8.1807 0.0000 .3090
6.0913 .0346 .0044 .3094
6.0377 4.8846 .0010 .2994
9.9489 1.1290 .0107 .2894
4.93 < Z(MM





























3.96 < Z<MM> < 4.95
Z< MM) R(MM) VR(MM/S> VZ(MM/S
4.9063 .0491 .0087 .2958
4.8666 .2414 .0062 .2549
4.8999 3.1426 .0210 .2841
4.8745 1.9773 .0012 .2819
4.5481 1.9697 .0163 .2888
4.5189 4.9782 .0151 .2928
4.4772 3.8707 .0070 .2819
4.4594 .9724 .0087 .2750
4.4547 .2716 .0081 .3079
4.3600 3.0090 .0047 .2818
4.2740 2.4335 .0154 .2502
4.2522 1.0174 0.0000 .3114
4,2264 .6725 .0079 .2827
4.2218 .3842 0.0000 .2514
3.9831 4.6164 .0178 .2652
2.97 < Z< MM) < 3.96
Z (MM) R< MM) OR < MM/S) MZ(MM/S
3.9532 6.4011 .0158 .2833
3.9367 6.2269 .0122 .3071
3.9146 4.6421 .0047 .2865
3.9093 5.6495 .0111 .2724
3.8378 1.2451 .0159 .2905
3.8269 .0649 .0011 .2983
3.8214 4.2603 .0058 .2761
3.7959 1.8374 .0136 .2578
3,7870 1.3771 .0044 .2606
3.7859 3.3849 .0070 .2841
3.7682 5.8946 .0234 .2783
3.7865 .9081 .0073 .3122
3.6793 .8544 .0081 .2824
3.6638 1.2622 .0065 .2896
3.6554 .3439 .0044 .2828
3.5974 6.0672 .0233 .2883
3.5088 1.1581 .0128 .3004
3.4236 2.4489 .0147 .2424
3.3522 1.9374 .0074 .2613
3.3484 .0444 .0035 .2975
3.3313 .5034 .0033 .2833
3.3164 .0344 .0175 .3013
3.2965 2.0085 .0691 .3674
3.2282 1.8311 .0133 .27t8
3.2217 3.7522 .0088 .2578
3.1432 5.9079 .0242 .2900
3.0874 .9451 .0040 .2751
3.0805 2.6821 .0059 .2877
3.0884 .2708 .0037 .2598
3.0778 1.9979 .0029 .2641
3.0648 3.5680 .0219 .2873
3.0585 6.5379 .0232 .2771
3.0282 2.8748 .0188 .2711
3.0009 2.2445 .0209 .3010
2.8848 3.8845 .0259 .2845
2.8848 1.5762 • 0111 .2537
3.6848 .0188 .2724
58
1.98 < 2<MM) < 2.97
Z(MM> R < MM) OR(MM/S > OZ(MM<
2.8649 6.1850 .0198 .2682
2.8402 .9171 .0046 .2738
2.7508 1.2791 .0128 .2661
2.7460 .0088 0.0000 .2726
2.8768 . 1484 . 0030 .2840
2.6620 . 1879 .0049 .2642
2.6525 4.8819 .0148 .2854
2.6355 .2418 . 0049 .2655
2.59bb 2.6849 .0107 .2716
2.5784 4.6669 .0279 .2830
2.5708 4.7362 .0242 .3197
2.5680 2.4542 .0218 .2751
2.5220 6.2827 .0197 .2833
2.4802 1.7779 .0076 .2412
2.4386 .3632 .0079 .2837
2.3936 6.5294 .0168 .2892
2.3632 1.9947 .0076 .2773
2.3101 6.2426 .0107 .2858
2.2666 4.2511 .0093 .2748
2.2579 .2087 0.0000 .2680
2.2412 .9113 .0049 .2869
2.2187 1.7426 .0187 .2523
2-1306 .0931 .0049 .2682
2.1088 4.6078 .0267 .2893
2.1001 .9810 .0123 .2379
2.0386 1.5833 .0129 .2514
2.0002 8.2375 .0151 .2963
1.9880 1.1830 .0088 .2611
59
0.99 < Z(MM)














































































0.495 < 2(MM) ; 0.99
2 < MM) R (MM) OR(MM/S) 02 (MM
.9566 .5227 .0162 .2065
.9517 3.1755 .0162 .2692
.9500 1.4300 .0178 .2286
. 9331 3.4771 .0153 .2499
.8984 2.0312 .0208 .2539
• 8563 2.6230 .0256 .2441
.8284 .0592 .0012 .2077
. 7726 .4823 .0049 .2185
.7493 .9712 .0173 .2551
.7285 5.4834 .0222 .2672
.7248 6.4200 .0162 .2959
.7199 1.2919 .0186 .2367
.7173 2.3829 .0393 .2588
.7013 .2173 .0023 .1929
.6974 4.6313 .0131 .2488
.6829 3.3066 .0338 .2577
.6655 2.4747 .0234 .2428
.6359 5.3044 .0185 .2576
.6136 4.2951 .0245 .2729
.6092 6.0088 .0338 .2806
.8073 3.2424 .0184 .2804
.5847 2.6384 .0317 .2577
.5780 .6906 .0208 .2253
.5290 5.5470 .0165 .2736
.5281 5.7645 .0217 .2685





























































































Raw Data for Glycerin in Uniform Flow 
(Run A-46)
(Q * 1.463 cc/sec, VQ * .200 mm/sec)
8.91 < Z(MM) < 9.90
Z(MM) R(MH) VR(MM/S> VZ(MM/S
9.2797 6.7761 .0072 .1866
9.2789 7.6415 • 0020 .1832
9.1648 .5993 • 0008 .2291
9.0245 6.7781 .0068 .1750
7.92 < Z<MH) < 8.91





















♦ 0009 • 1655
.0044 • 1563







• 0034 • 1865
.0120 ♦ 1490
.0026 .1970
6 . 93 Z(MM> < 7*92
Z<MM) R < MM) VR< MM/S) VZCMM/S
7*9028 6.2321 .0047 • 1692
7*8879 8.7926 .0100 .1983
7.8005 1.9680 • 0026 .1793
7.7722 .4111 .0042 .1770
7.7649 8.0515 .0098 .1694
7.7649 7.6802 .0098 .1720
7.7610 2.9935 .0031 .1821
7.6311 .2735 .0010 • 1891
7.5868 7.4959 .0097 .1765
7.5644 2.4429 .0022 .1637
7.5488 4.6298 .0048 .1694
7.4648 .2671 0.0000 .2184
7.3456 2.3207 .0009 • 1842
7.3268 8.1234 .0126 • 1680
7.1782 8.9955 . 0084 .1977
7.1460 8.1678 .0069 .1968
7.1294 2.4891 .0035 .1815
7.1228 5.7934 .0083 .1564
7.1115 3.4063 .0022 .1812
6.9338 2.0984 .0042 .1773
5.94 < Z(MM) < 6.93
Z (MM) R(MM) VR<MM/S) VZCMM/S)
6.8305 7.3986 .0105 .1702
6.7878 .6579 .0020 .1837
6.3603 3.1802 .0048 .1667
6.3390 1.6140 • 0008 • 2098
6.2778 1•3508 • 0005 .1759
6.2675 1.6109 .0063 .1972
6.2087 2.7507 .0070 .1781
6«1648 7.4784 .0137 • 1840
6.1135 8.3526 .0110 .1720
5.9935 8.2426 .0121 .1638
5.9804 8.6650 .0130 .1582
5.9601 2.4622 • 0061 ♦ 2077
5.9599 .0522 • 0019 .1798
64
4.95 < Z(MM> < 5.94
Z<MM) R<MM) MR(MM/S) VZ(HM/S
5*9018 7*3415 *0130 *1993
5*8805 1*2736 .0117 .1949
5*8550 8.9135 *0096 • 1554
5*8313 2.8571 • 0038 .1983
5*8026 1*9582 *0031 .1720
5.7922 1*8741 *0035 *1546
5.6917 5.9059 ♦ 0117 • 2044
5*4040 6*2624 *0104 • 2074
5.3932 2*3104 ♦ 0071 • 1908
5*3812 2*0147 *0020 *1794
5.3547 • 0261 *0013 *1896
5*3544 1*3435 *0057 *1539
5*3434 2*5872 *0104 *1686
5*2916 2*0463 • 0078 .1715
5*2804 4.5391 • 0130 *1736
5*2026 7*5834 *0091 .1771
5.1914 7.6175 *0136 • 1691
5*1610 4*8811 *0092 ♦ 1899
5*1158 2*8602 • 0108 *1625
5*0553 *2336 *0037 *1754
5*0331 2*8063 *0078 *1688
5*0275 *4346 *0013 *1881
5*0136 8*3733 • 0115 • 1406
4.9759 8*4891 • 0078 *1589
3*96 < Z<hM> <  4.95
Z<fttt> R<MH) VR<MM/S> VZ<HM/S
4*9159 3*1709 *0094 *1630
4.8397 6*3423 • 0120 .1457
4*8122 3*0044 *0085 *2022
4.8072 3*1939 .0099 *1926
4*7779 1*5211 .0069 • 1647
4.7510 1*4188 *0015 *1960
4.7182 *0783 *0031 *1639
4*6565 *0655 0*0000 *1589
4*5860 5*2439 • 0124 ♦ 1739
4*5438 1*2416 *0082 • 1625
4*3512 *6839 *0038 .1970
4*3225 2*6001 *0083 *1703
4*2974 *8464 *0031 *1740
4*2378 1*9436 *0078 *1473
4*1886 5*9018 *0124 *1726
4*1517 *5125 ♦ 0039 *1648
4*1326 .9942 ♦  0007 • 1741
4*0563 *9556 *0065 .1543
4*0546 *3011 *0608 1876
2.97 < Z<MM> < 3.96
Z(MM) R<MH> MR<MM/S> VZ<MM/S>
3.8742 8.2945 • 0143 • 1642
3.0274 7.2331 .0117 .1706
3.7954 • 7669 .0048 .1612
3.7862 2.8348 .0120 .1658
3.7548 .8359 .0035 .1641
3.7339 3.1809 .0109 .1754
3.6983 1.6278 .0068 .1636
3.6403 .3705 • 0056 .1560
3.6216 1.1855 .0046 • 1916
3.5955 8.4158 .0100 .1633
3.5630 5.5035 .0123 .1674
3.5376 .1171 .0007 .1632
3.5235 3.7986 .0131 .1685
3.5153 5.2048 .0091 .1761
3.4973 8.1145 .0105 • 1415
3.4892 1.0239 .0052 .1419
3.4783 6.0494 .0120 • 1451
3.4740 8.0647 .0157 .1637
3.3565 8.7373 .0105 .1585
3.2567 2.8602 .0130 .1491
3.2564 3.5435 .0146 .1498
3.2368 6.7412 .0089 .1577
3.2111 2.2705 .0149 .1732
3.1997 3.6634 .0144 • 1628
3.1409 .9299 .0085 .1619
3.1128 .2937 .0031 .1524
3.1007 1.6316 .0121 .1525
3.0537 .1042 • 0010 • 1464
2.9701 3.1715 .0117 .1551
1.98 < Z(Mh> < 2.97
Z<HM) RCMH) VR<MM/S> VZ <HM/3
2.9263 .7348 .0078 • 1619
2.9110 • 8967 .0020 '1586
2.8079 7.7186 .0157 .1633
2.8017 4.0758 .0091 .1582
2.7969 4.3804 • 0096 .1850
2.7426 2.5411 • 0130 .1473
2.6177 2.5589 .0119 .1623
2.6111 1.5471 .0067 .1518
2.5818 .2530 .0007 .1576
2.5393 2.6503 .0082 • 1783
2.5059 • 2610 • 0021 .1399
2.2779 .0390 • 0038 .1669
2.2743k ♦5800 ^ 0 0 » ♦ 1374
2.2128 1.5555 .0069 .1692
2.1940 3.3008 .0114 .1528
2.1933 .1757 .0031 • 1685
2.1803 1.5993 .0101 .1552
2.1712 2.9122 .0156 .1530
2.0816 1.3335 .0104 .1353
2.0752 6.2648 .0099 .1618
2.0099 3.9938 • 0125 .1551
66
0.99 < Z<MM) < 1»98
Z(HH) R(HH) 0Z<MM/S
1.972? .0130 .0021 .1339
1.9721 1.8807 .0078 .1506
1.9656 6.6492 .0195 • 1933
1.9388 .4700 .0019 .145?
1.9176 2 1807 .0178 • 1465
1.8942 .7720 .0052 .1486
1.8649 8.3692 • 0214 .1943
1.8625 1.3303 .0048 .1127
1.8483 1.0413 • 0153 .1623
1.8431 • 0324 .0032 • 1363
1.7827 2.7818 .0105 .1463
1.7775 .1687 .0032 .1375
1.7660 .3128 .0037 .1168
1.6986 2.6749 .0130 .1646
1.6109 2.7261 .0157 .1424
1.5959 2.8074 .0176 .1640
1.5793 2.2747 • 0156 .1226
1.5140 • 6758 ♦ 0059 *1319
1.4886 1.6966 .0061 ♦ 1170
1.4626 1.8981 .0178 .1148
1.3298 2.7700 .0221 .1641
1.2472 2.4423 .0179 .1467
1.2424 8.8012 .0125 .1436
1.2413 .5459 .0022 .1140
1.2111 .0716 .0026 .1240
1.2099 5.0348 .0125 .1556
1.1763 4.8288 .0108 • 1551
1.1413 6.7045 .0151 .1571
1.0968 1.0903 .0136 • 1084
1.0860 6.0347 .0156 • 1580
1.0553 7.7779 .0163 • 1902
1.0531 1.5406 .0178 .1265
1.0500 .8218 .0104 • 1137
1.0023 • 1627 .0015 .1172
0.495 < Z<MM> < 0.99
Z(MN) R(MM> VR<MH/S> 0Z(HH/8
.8902 .4029 ♦ 0078 • 1144
.8272 .5667 • 0077 • 1119
.8204 1.1785 • 0177 .0979
.8143 .0718 • 0035 • 0958
.8121 .2423 • 0004 .0974
.8112 4.1601 .0149 .1519
.7944 1.3153 ♦ 0130 • 0938
.7852 .7982 ♦ 0193 .0860
.7761 .9978 • 0136 .0819
.7507 .2611 • 0067 • 1362
.7409 1.1178 • 0117 • 0780
.6661 2.7165 • 0183 • 1328
.6595 5.2306 • 0161 .1541
. 6386 2.5546 .0193 • 1303
.6304 8.4812 .0117 .1590
.6240 .3055 • 0026 .0997
.5960 8.7367 • 0087 ♦ 1576
.5914 4.2374 • 0143 • 1521
.5865 .1108 • 0005 • 0839
.5581 .6165 .0137 • 1202
• 5321 7.4369 • 0093 .1409
.5025 1.8664 • 0178 • 1451
.4995 .7979 • 0091 • 1155
0*0 < Z <h h > < 0 * 495
Z(NM) R<MM) YR<HM/3> VZ<MM/
• 4938 8.1418 • 0111 • 1657
• 4636 .7510 • 0118 .0975
.4519 3.1240 • 0162 • 1458
• 3909 2.8793 • 0189 • 1388
♦ 3775 .9046 • 0253 • 1233
♦ 3708 .0130 .0057 • 0651
• 3577 2.8678 • 0215 • 1522
• 3522 3.6131 • 0157 • 1341
• 2933 1.2577 • 0183 • 1053
♦ 2677 9.0768 • 0087 • 1541
• 2677 3.8985 *0218 • 2125
♦ 2547 7.1766 • 0165 • 1593
• 2350 1.2207 • 0183 • 0925
• 1950 1.7937 .0147 • 1218
• 1826 8.3023 • 0084 • 1461
♦ 1441 1.7421 • 0166 • 1244
• 1113 2.0434 • 0166 • 1327
• 1041 3.3240 • 0198 • 1468
.0978 .1435 • 0005 • 0689
• 0910 3.1007 ♦ 0191 • 1387
• 0720 .8 0 S * • 0175 • 0926
♦ 0196 1 .4 6 0 5 .0179 • 1118




Least Squares Piet for Run A*-34 (Separan)
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VQ - 0.0338 cm/sec 
Q - 2.2135 cm3/sec 
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OMMSIONLCSS M M .  DfSTflMX
V versus r for 4.95 < z(mm) < 5.94 (Run A-36) 
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V versus r for 1.98 < z(nm) < 2.97 (Run A-36)
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Least Squares Plot for Run A-40 (Separan)
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Vn * 0.0283 cm/aec 
u *
Q -1.853 cm/aec 
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Least Squares Plot for Rue A-46 (Glycerin)
\J% L n  (*fh') C«.r- A . - %
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Vq ■ 0.200 cm/sec 
3
Q - 1.4632 cm /sec 



































V versus r for 0-0 < z(am) < 0-495 (Run A—46)
r
— b
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V versus r for 1.98 < z ( v )  < 2.97 (Run A-46)
z
QO
















V versus r for 3.96 < z (sbi) < 4.95 (Run A-46)
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4 C DGTZ U8E8 THE SERIAL OUTPUT FROM THE H0U8T0N
5 C INSTRUMENT HIPAD DIGITIZER TO FIND THE VELOCITIES
6 C IN THREE GE0METRIE8< ALWAYS WAIT FOR THE PROMPT
7 C <?) BEFORE DEPRESSING THE CURSOR BUTTON AND USE















23 READ < 51400)XXHAX 9XYMAX
24 URXTE<6t600)





30 8CALE- < XSCALE+YSCALE)/2•
31 T0L-AD8(X8CALE-YSCALE)/XSCALE
32 XF(TOLb8T40«05)00 TO 8
33 XF<N*E0»1)60 TO 9
34 XF<N*EQ»2)G0 TO 99
35 C







43 READCS 94009END-20)XX<X) 9 XY(X)
44 80 TO 10
45 20 JC0UNT-X~2
46 DO 30 J-I9JCOUNT92
47 XT-X X < J)*8CALE/100•




52 UZ-A1S < XH-XT)/EXPTIHE
53 R-RO-YT
54 2-XT
55 WR STE < 2 9 900> Z 9 R 9 VZ 9 MR
56 30 CONTINUE
57 00 TO 999
125
58 C






65 GO TO 40
66 50 JC0UNT*I-2








75 00 TO 999
76 C








85 00 TO 70
86 80 JCOUNT-I-2





92 H*SORT< < YH-YT)8*2+ < XH-XT)$82)
93, PHI*A8IN< <YH-YT)/H)
94 R-RO-YT
95 HH*8GRT < R882+XT882 >
96 THETA*ACOS < R/HM)
97 VR-H88IN < PHI>/< EXPTIME8C0S < THE TA >)
98 UR-ABS(VR)




103 00 TO 999
\ U  ?99 8§NtInUE88>
106 C
126




















FORMAT!'WHICH GEOMETRY DO YOU WANTJ' * / *
22X*'1. PARALLEL PLATES'*/*
32X*'2. CONVERGING PLATES* R-THETA PLANE'./*
42X*'3. CONVEROXNO PLATE8* R-Z PLANE')
FORMATS*' INPUT THE EXPOSURE TIME')
FORMAT (/ *' MOVfi THE CURSOR TO THE ORIGIN'*/*
2'DEPRE88 THE RESET BUTTON AND THEN'*/*
3'THE BUTTON ON THE CURSOR.')
FORMAT<1X.21A)
FORMAT!/*'MOVE THE CURSOR TO THE UPPER-RIGHT-HAND'./. 
2'CORNER AND DEPRESS THE BUTTON.')
FORMAT!/*'WHAT ARE THE REAL CARTE8IAN COORDINATES'*/* 
2'OF THE UPPER-RIGHT-HAND CORNER POINT?')
FORMAT!/*'WHAT IS THE VALUE OF R AT THE ORIGIN') 
FORMAT!/*'MOVE THE CURSOR TO THE TAIL AND HEAD'*/*
2'OF EACH VELOCITY VECTOR. AFTER THE LAST'./.















PROGRAM PLOT <INPUT.OUTPUT.TAPES*INPUT»TAPEA-OUTPUT»TAPE7 >
S C THIS PROGRAM NONDIHENSIONALIZES THE VELOCITY AND THE 
A C DISTANCE PROM THE CENTERLINE AND PLOTS THE DIMENSIONLESS 




11 CHARACTER XLA» *<50>»YLAS 4<SO).SCRIPT *<2>
12 INJHIR I.MiNKOT
13 XMIN.XMASiYMIN»YMAX»2(300),R(300>.V2<300).VR<300>,R|,R8
U  pSi MT I.'XLAt.YLAfe.S*
IS READ!S«ISO)XLAS
1A WAD'S. 188) TEAS
17 READ< St IDS)SCRIPT
I t  Ptlttv I t 1 RliRS1
19 RtAD4.RI.RS




2*. 00 TO 99
25 200 FORMAT (4FS.4)







33 CALL HXLAS( X L M » SCRIPT)
34 CALL HYLAS'YLAB.SCRIPT)
35 NPLOT-4
3A DO 10 1*1*N
37 Z<I>-ASS' Z <I)/•99 >
38 R<I)-AS8<R <I ) / .9 9  >
39 VZ<I)»<VZ<I)/2.0>
40 IF(R(I>.OT.RB>GO TO 10
«i IF(R<I).LT.»8)00 TO 10





Program PLOTTER for plotting random data




5 **** THIS PROGRAM UTILIZES PROGRAM HGRAPH TO PLOT INDIVIDUAL
6 **** DATA POINTS READ IN FROM TAPE9* THE DIMENSIONS AND AXIS
7 **** LABELS MUST BE SPECIFIED*















23 GO TO 99

















Program FITPL for fitting a power-law curve to data
1 PROGRAM FITPL<INPUT * OUTPUT * TAPES-INPUT*TAPE6-0UTPUT* TAPE7>
2 ***** THIS PROGRAM WILL FIT A POWER LAW CURVE TO
3 ***** A GIVEN SET OF DATA* THE POWER LAW COEFFICIENT
4 ***** MUST BE SPECIFIED*
5 DIMENSION PARM< 4 > * Z <1> * F <100 > * XJAC(100*1)*XJTJ <1> *WORK < 204),



















21 X(I)-ADS < X <I))/O♦14
22 V<I)-V<I)/VAVG
23 GO TO 100
24 200 M-I-l
25 Z<1) - *2
26 PRINT **'M»'*M*' N-'*N*' IQPT-'*lOPTt' PRRM-'* PARM
27 CALL ZX88Q < FUNC *M*N*NSIG*EPS *DELTA *MAXFN * IOPT * FARM *
28 2 Z*88Q* F *XJAC * IXJAC * XJTJ * WORK * INFER 9IER)
29 WRITE(6**) INFER*IER
30 WRITE<6t«) Z(l)







38 DO 300 1-1*M
39 IF (Z *GT* 1*0) THEN
40 F(I)-10000.*<Z-l)
41 ELSE
42 F<I)-V(I)-< <l+2*Z)/<1+Z))*((1-X(I) )**< Ifl/Z) )/X( I)
43 ENDIF
44 300 CONTINUE
45 RETURN
46
